OBJECTIVE High-quality data comparing endoscopic third ventriculostomy (ETV) with choroid plexus cauterization (CPC) to shunt and ETV alone in North America are greatly lacking. To address this, the Hydrocephalus Clinical Research Network (HCRN) conducted a prospective study of ETV+CPC in infants. Here, these prospective data are presented and compared to prospectively collected data from a historical cohort of infants treated with shunt or ETV alone. METHODS From June 2014 to September 2015, infants (corrected age ≤ 24 months) requiring treatment for hydrocephalus with anatomy suitable for ETV+CPC were entered into a prospective study at 9 HCRN centers. The rate of procedural failure (i.e., the need for repeat hydrocephalus surgery, hydrocephalus-related death, or major postoperative neurological deficit) was determined. These data were compared with a cohort of similar infants who were treated with either a shunt (n = 969) or ETV alone (n = 74) by creating matched pairs on the basis of age and etiology. These data were obtained from the existing prospective HCRN Core Data Project. All patients were observed for at least 6 months. RESULTS A total of 118 infants underwent ETV+CPC (median corrected age 1.3 months; common etiologies including myelomeningocele [30.5%], intraventricular hemorrhage of prematurity [22.9%], and aqueductal stenosis [21.2%]). The 6-month success rate was 36%. The most common complications included seizures (5.1%) and CSF leak (3.4%). Important predictors of treatment success in the survival regression model included older age (p = 0.002), smaller preoperative ventricle size (p = 0.009), and greater degree of CPC (p = 0.02). The matching algorithm resulted in 112 matched pairs for ETV+CPC versus shunt alone and 34 matched pairs for ETV+CPC versus ETV alone. ETV+CPC was found to have significantly higher failure rate than shunt placement (p < 0.001). Although ETV+CPC had a similar failure rate compared with ETV alone (p = 0.73), the matched pairs included mostly infants with aqueductal stenosis and miscellaneous other etiologies but very few patients with intraventricular hemorrhage of prematurity. CONCLUSIONS Within a large and broad cohort of North American infants, our data show that overall ETV+CPC appears to have a higher failure rate than shunt alone. Although the ETV+CPC results were similar to ETV alone, this comparison was limited by the small sample size and skewed etiological distribution. Within the ETV+CPC group, greater extent of CPC was associated with treatment success, thereby suggesting that there are subgroups who might benefit from the addition of CPC. Further work will focus on identifying these subgroups.
E ndoscopic third ventriculostomy (ETV) with the added use of choroid plexus cauterization (CPC) has been shown to have promising results in the treatment of hydrocephalus in Africa. 10, 13, 14 Based on retrospective work conducted by our group and others in North America, ETV+CPC appears to be a safe procedure but with varying degrees of treatment success. 1, 7, 12 It is still not firmly established which infants will benefit most from ETV+CPC and in whom it represents a reasonable alternative to the traditional CSF shunt. Here, we present the results of a prospective study within the Hydrocephalus Clinical Research Network (HCRN; Appendix 1) to describe the success and complications of ETV+CPC in infants and to compare results to a historical cohort of infants treated with either shunt placement or ETV alone. Uniquely, in the current multicenter prospective study, we applied a predefined consensus definition for infants with hydrocephalus who were eligible for ETV+CPC, as well as a strict definition for treatment failure.
Methods
The study population consisted of infants (corrected age ≤ 24 months) receiving treatment at 1 of 9 HCRN centers who required treatment for new-onset hydrocephalus, or failure of a previous CSF shunt, with anatomy suitable for ETV+CPC on preoperative MRI and life expectancy greater than 12 months. Suitable anatomy was defined as < 3-mm-thick third ventricle floor, ventriculomegaly sufficient to allow safe passage of an endoscope, and the absence of marked prepontine subarachnoid adhesions on constructive interference in steady state (CISS)/fast imaging employing state-steady acquisition (FIESTA) MRI. We developed the following consensus clinical eligibility criteria for treatment: 1) presence of clear ventriculomegaly with a frontal and occipital horn ratio (FOHR) 4 ,11 > 0.45 and 2) at least one of the following: head circumference > 98th percentile for the patient's corrected age, bulging fontanelle, splayed sutures, upgaze paresis or palsy (i.e., sundowning), CSF leak, papilledema, tense pseudomeningocele or tense fluid tracking along a shunt, vomiting or irritability with no other attributable cause, bradycardias or apneas with no other attributable cause, or intracranial pressure monitoring showing persistent elevation of pressure with or without plateau waves. While surgeons followed these criteria to determine patient eligibility, exceptions could be made to include other patients at the surgeon's discretion, and this was monitored. Study consent for data collection was obtained from parents when required by the local institutional review board or research ethics board. Patient recruitment began in some centers as early as June 2014, with staggered entry of all 9 centers by October 2014.
The historical cohort consisted of similar patients (corrected age < 24 months) who were treated at the same 9 participating HCRN centers with either a shunt or ETV alone. All patients in the historical cohort had been treated before January 1, 2013. This was before ETV+CPC became popular within the HCRN, thus allowing us to identify a patient group with characteristics as similar as possible to those who would later undergo ETV+CPC. These data were obtained from the existing HCRN Core Data Project, in which data are collected prospectively, and, for this analysis, analyzed retrospectively. For these analyses, only patients who were undergoing the first permanent treatment of hydrocephalus were included.
Intervention
The details of the ETV+CPC procedure are now widely known, practiced within the HCRN, and include the following steps: unilateral coronal entry site, fenestration of the floor of third ventricle, and attempting complete CPC of both lateral ventricles with septum pellucidotomy when needed. Although most surgeons used the flexible endoscope exclusively, a few surgeons used a rigid endoscope but almost always in combination with the flexible endoscope. Insertion of a reservoir or external ventricular drain and the use of postoperative CSF drainage (e.g., external ventricular drain, lumbar puncture) was performed at the surgeon's discretion. Detailed intraoperative data were collected at the time of surgery from the operating surgeon, including 3 different means of estimating the degree of CPC: the surgeon's estimate of CPC percentage, category of CPC percentage (0%, < 40%, 40%-60%, 60%-90%, and ≥ 90%), and a diagrammatic representation of the amount of CPC (surgeons completed a diagram to indicate how many of the 14 sectors of the choroid plexus they successfully cauterized; the number of sectors cauterized was divided by the number of sectors in which choroid plexus was present to obtain a percentage estimate of CPC) (Fig. 1) .
Follow-Up
Patients were followed per the standard of care at the HCRN centers and generally included clinical visits between 2 and 10 weeks after ETV+CPC, between 9 and 15 months after ETV+CPC, and further visits as clinically indicated; ultrasound, CT, or MRI within 30 days of ETV+CPC; MRI between 9 and 15 months after ETV+CPC; and further imaging as clinically indicated. For the purposes of this analysis, all patients were observed for at least 6 months after ETV+CPC.
Primary Outcome
The primary outcome was failure, which was defined as any one of the following: recurrence of symptomatic hydrocephalus from failure of ETV+CPC and/or the presence of loculated compartments, CSF infection, and significant intraoperative complication (including death, major postoperative neurological deficit, failure to fenestrate the floor of the third ventricle, or placement of a shunt during the planned ETV+CPC procedure). Detailed definitions of these outcomes can be found in Appendix 2. These definitions were agreed to a priori by consensus among the HCRN investigators.
Secondary Outcomes
A number of other outcomes were also assessed, including all major perioperative and postoperative complications and those related to CSF circulation, infection, hemorrhage, seizure, and new neurological deficit.
Statistical Analysis
The primary analysis was a descriptive analysis of the time to first treatment failure (recorded from the date of surgery to the date of first failure) in the study patients, which included construction of Kaplan-Meier survival curves. Univariable Cox proportional hazards regression models were then used to determine the impact of the following independent variables on time to first treatment failure.
Preoperative Variables
Preoperative variables included patient age, etiology of hydrocephalus (categorized as myelomeningocele, intraventricular hemorrhage (IVH) of prematurity, aqueductal stenosis, or other), presence of a previous shunt, ETV Success Score (ETVSS) (categorized as ≤ 40, 50-70, or ≥ 80), 6 preoperative ventricle size (FOHR), 4,11 degree of prepontine adhesion, and third ventricle morphology index (TVMI). 2 
Intraoperative Variables
Intraoperative variables included the amount of CPC actually performed (as quantified intraoperatively by the surgeon using each of the 3 methods described above), presence of residual prepontine membranes, visualization of the naked basilar artery, estimated size of the ostomy, and ballooning of the third ventricle floor after ostomy was performed.
Because we quantified the degree of CPC in 3 different ways, all 3 methods were investigated. We found that the most robust and granular method was the diagrammatic method ( Fig. 1) , and therefore this method was used for the final analyses. We found the rank-based (Spearman) correlation between the surgeon's estimate of CPC and the diagrammatic method to be high (0.73, p < 0.001). All variables that were both significant or nearly significant (p < 0.15) and missing less than 10% of their values were considered candidate predictors for the multivariable Cox model. The final multivariable model was constructed using a bidirectional stepwise selection process, and only variables independently associated with time to failure were kept (p < 0.15).
Comparison with the historical cohort was performed in 2 ways. First, each ETV+CPC patient was matched to a patient who received a shunt and a patient who underwent ETV only, with all patients in the same age category (< 1 month, 1-6 months, 6-12 months, and 12-24 months) and the same etiology category (myelomeningocele, IVH of prematurity, aqueductal stenosis, and other). These matched cohorts were then compared using Kaplan-Meier survival curves and log-rank statistics. Second, 3 pairwise stratified log-rank tests were created to compare the 3 unmatched patient cohorts (ETV+CPC vs shunt, ETV+CPC vs ETV alone, and ETV alone vs shunt) that were stratified by ETVSS (≤ 40, 50-70, and ≥ 80).
Results
A total of 118 infants were enrolled at the 9 HCRN centers between June 2014 and September 2015. Their baseline characteristics are shown in Table 1 . Of these 118 infants, 113 (96.0%) met the consensus clinical eligibility criteria for treatment. The details of the ETV+CPC procedure are shown in Table 2 , and postoperative complications are shown in Table 3 . The median duration of surgery was 105 minutes. The most common postoperative complication was seizure in 6 patients (5.1%). Of these 6 infants, 5 had a corrected age of less than 1 month, 5 had bleeding during surgery (4 mild and 1 severe), and the duration of surgery ranged from 61 to 141 minutes (median 99.5 minutes). Their etiologies were myelomeningocele in 3 infants and IVH of prematurity, aqueductal stenosis, and another complication in 1 infant each. A total of 76 patients (64.4%) met the primary outcome of treatment failure. The median survival after ETV+CPC was 90 days. Among those patients with failed treatment, the median time to failure was 48 days. The modes of failure are listed in Table 4 . The Kaplan-Meier survival curve for time to treatment failure is shown in Fig. 2 . Overall, the 6-month success rate was 36%.
Predictors of ETV+CPC Failure
The results of the univariable Cox regression analysis revealed 9 variables with p < 0.15 that were suitable for entry into the multivariable model: corrected age, etiology, ETVSS, preoperative ventricle size (FOHR), TVMI, the surgeon's estimate of the degree of CPC based on the diagrammatic representation, presence of prepontine residual membranes, visualization of a naked basilar artery, and ballooning of the third ventricle floor after ostomy was performed. In the multivariable Cox regression model, age, ventricle size, and degree of CPC (all analyzed as continuous variables) remained significant (p < 0.05) predictors of treatment success. The results of this model are shown in Table 5 .
Comparison with the Historical HCRN Cohort
The historical cohort consisted of 969 infants with shunts and 74 infants with ETV alone. Using the matching algorithm, 112 ETV+CPC and shunt-matched pairs and 34 ETV+CPC and ETV alone-matched pairs were identified. The characteristics of these matched pairs are shown in Table 6 . Kaplan-Meier survival curves comparing the matched cohorts are shown in Fig. 3 . ETV+CPC had a shorter time to failure compared with shunts (p < 0.001) but not when compared with ETV alone (p = 0.73) using the log-rank test. The robustness of these findings was confirmed using the log-rank test and stratified by age and etiology for the entire cohort rather than restricted to the matched pairs. Both approaches produced similar results. 
Discussion
Our multicenter prospective study of ETV+CPC has shown that this procedure can be carried out quite safely, with low rates of intraoperative complications and with a high degree of success in obtaining a substantial amount of CPC. We also confirmed that established predictors of ETV+CPC success include older age, greater degree of CPC, 7, 14 and smaller ventricle size, which has not been consistently reported before. We also found the diagrammatic method of estimating the amount of CPC performed was valuable and could provide a standardized measuring tool in future studies. Although our overall complication rates were low and would generally be considered acceptable, the rate of postoperative seizures was rather high (5.1%). In long-term studies of mostly shunt-treated children with hydrocephalus, the prevalence of seizures (at least 1 per year) is nearly 15%.
3,9 Regardless, the 5.1% incidence of early postoperative seizures is worrisome and could be related to the overall extent of surgical manipulation required by the CPC component of the surgery or perhaps to the amount of irrigation required during a prolonged operation, thereby making the infant brain more susceptible to seizures. It is perhaps notable that most of the 6 children who had postoperative seizures were very young (corrected age less than 1 month) and had some evidence of bleeding during the procedure. Long-term follow-up will be necessary to see the extent to which seizures persist in these children. This is a particularly concerning complication because previous work on hydrocephalus has shown that one of the most consistent predictors of poor quality of life is the presence of epilepsy.
3,9
Larger preoperative ventricle size as a predictor of ETV+CPC failure has not been widely reported before. Although this finding will need corroboration in future studies, it can be interpreted in at least one of 2 ways. On one hand, it might suggest that we are treating some patients too late to truly achieve the maximum benefit of ETV+CPC. Alternatively, it could be interpreted that some patients with smaller ventricles are being overtreated and might not have needed the procedure at all. This is a particular concern with endoscopic procedures for which there can be an insidious lowering of the threshold for treatment compared with shunt placement, i.e., surgeons and families might be more willing to consider treatment with ETV+CPC in a questionably symptomatic child, whereas they would not agree to place a shunt in the same situation. We tried to mitigate this latter point by having standardized consensus clinical eligibility criteria that included a minimum degree of symptomatology and signs and at least moderate ventriculomegaly (FOHR > 0.45) to convince us that these patients were truly in need of CSF diversion. These criteria were met by 96% of our cohort. Direct comparisons between ETV+CPC, shunting, and ETV alone in North American settings are greatly lacking. We used a matched historical control group to provide some estimate of the relative success rates of these procedures. Our matched comparison with shunting, which included 112 matched pairs, reconfirms that on average the failure rate of ETV+CPC is higher than shunting in the early postoperative phase (< 6 months). We would expect, however, that the failure curve for ETV+CPC will level off (if it is analogous to what we know about ETV), 5 while the curve for shunting will continue to deteriorate; this will need a longer follow-up period to confirm. Despite the emerging evidence of the superiority of shunting in achieving, at least, short-term treatment success, it is our anecdotal experience that some families still prefer to attempt ETV+CPC over shunting as the initial surgical treatment for their child. This suggests that some families see inherent benefit in being shunt free and are willing to undergo a riskier surgery with a lower chance of success for the possibility of achieving this shunt freedom. This has implications about how we, as surgeons, present the treatment options to families.
Our matched comparison with ETV alone is very limited, however, because the number of patients is very small and the matched cohort consisted mostly of patients with aqueductal stenosis and other etiologies. We could only match ETV+CPC patients to those infants whom surgeons had previously and specifically selected for ETV alone. The latter is, presumably, a highly select group. As such, the matched cohort is not at all representative of a typical population of infants with hydrocephalus and, in particular, grossly underrepresents the patients most likely to benefit from CPC: infants with myelomeningocele and IVH of prematurity. These infants were virtually never offered ETV alone (e.g., there were only 3 such patients in the matched cohort). As well, given the fact that the greater extent of CPC was a predictor of ETV+CPC success, at least some infants do seem to benefit from the addition of CPC. Regardless, it does beg the question of whether there are subsets of infants who might, in fact, have little to gain from the addition of CPC to ETV. As an example, the recent prospective International Infant Hydrocephalus Study reported a very high success rate for ETV alone in infants with pure aqueductal stenosis (66% success rate at 1 year), especially in those older than 6 months (80% success rate at 1 year).
8 ETV alone might be sufficient for such a subgroup.
Conclusions
In a large, broad cohort of North American infants, our data show that overall ETV+CPC appears to have a higher failure rate than shunting. Although the ETV+CPC results were similar to ETV alone, this comparison was limited by the small sample size and skewed etiological distribution. Within the ETV+CPC group, a greater extent of CPC was associated with treatment success, thereby suggesting that there are subgroups who benefit from the addition of CPC. Further work will focus on identifying these subgroups.
Appendix 1 Hydrocephalus Clinical Research Network

Members
The HCRN currently consists of the following clinical centers and investigators: Primary Children's Hospital, University of Utah (J. Kestle); Children's of Alabama, University of Alabama at o Date of failure will be recorded as the date of the ancillary test.
• When 1) there are no symptoms or signs of ETV obstruction but the ventricles are increased in size and the supratentorial subarachnoid spaces remain effaced compared with preoperation and 2) there is no clinical or radiographic suggestion that atrophy is the cause, this is considered an ETV obstruction.
o Date of failure will be recorded as the date of the first imaging test to meet this criterion.
• A CSF leak that does not resolve and requires operative revision is considered an ETV obstruction (i.e., CSF leak that does not resolve with optimal wound revision).
o Date of failure will be recorded as the date of the operative revision.
• In the rare event of emergent ETV revision without any ancillary tests, or a revision performed prior to the 3-month follow-up scan, obstruction will be judged to be present or absent using clinical information and the operative findings.
o Date of failure will be recorded as the date of the ETV revision.
Loculated Compartments
• The presence of a loculated portion of a ventricular system that is enlarged more than normal, compressing the surrounding brain, and requires reoperation will be considered evidence of ETV failure and accepted as an end point for the study.
o Date of failure will be recorded as the date of the reoperation.
CSF Infection
• CSF infection will be diagnosed in the presence of 1 of the following symptoms or signs with at least 1 of the following ancillary tests:
o Symptoms and signs: fever, meningismus, wound erythema.
o Ancillary tests: culture or identification of organisms on Gram stain of CSF (or blood culture in a ventriculoatrial shunt) withdrawn under sterile conditions.
• Exposed shunt hardware.
• Abdominal pseudocyst in the presence of ventriculoperitoneal shunt.
• Date of failure will be recorded as the date of the first positive CSF specimen.
Significant Intraoperative Complication
• The following major intraoperative complications will be considered a failure of the procedure and will be accepted as having met the primary outcome:
o Mortality.
o Major postoperative neurological deficit.
o Failure to fenestrate the floor of the third ventricle or the lamina terminalis if used as an alternative or placement of shunt during the planned ETV+CPC procedure.
• Date of failure will be recorded as the date of the index ETV+CPC surgery.
